The authors have found that liquid metal droplets wetted and spread very widely on solid iron substrates in a reducing atmosphere after the surface oxidation of the specimens. This unusual wetting is caused by capillary penetration into the porous layer formed on the iron sample that is reduced after first being oxidized in air. In order to find adequate conditions for the unusual wetting behavior, the effect of the underlying iron substrate on the reduced porous morphology of the oxidized Fe layer has been investigated. Pores in the porous iron layers of all samples formed on iron substrates are 3-dimensionally inter-connected, while those of the porous iron films of some samples without underlying iron substrates were partially isolated and not entirely connected within the films. Adequate porous iron layers that show this unusual wetting behavior were obtained mainly from reduction of the oxidized iron layer formed on the surface of iron substrates rather than from reduction of the oxidized iron films formed without underlying iron substrates.
Introduction
In the previous study, 1) the authors have found that the unusual wetting behaviors of liquid metals on iron substrates were observed when the metal droplets were attached to the substrates prepared by oxidation-reduction processes, and have subsequently reported a mechanism to account for this unusual wetting phenomenon. In particular, a Cu droplet wetted and spread widely on an iron substrate, to an extent that the substrate surface was coated entirely by the liquid metal. It has been observed that the unusual wetting behaviors of certain liquid metals (Cu, Ag, Sn, and In) on iron substrates occurred even when the substrate was angled vertically as well as horizontally. It is supposed that this unusual wetting occurs by capillary phenomenon, because the oxidation and subsequent reduction of the solid iron substrate results in the formation of a porous layer at its surface.
When liquid metals contact iron substrates having a porous layer at their surfaces, the liquid metals penetrate into the pores of the surface layer, and wetted widely due to the capillary force. This phenomenon has possibilities to be applied to such processes as Cu coating, the zinc galvanizing process [2] [3] [4] [5] of steels for automobiles, and to the joining of steel to dissimilar materials, because the porous layer acts as the relief area on thermal expansion. In addition, after certain materials (such as liquid metals or oxides) have penetrated the porous layer at the iron substrate surface, soaking the samples in acid aqueous solution results in the removal of the iron substrate, thereby affording a porous film that replicates the shape of the pores. Many other applications may be invented by using this unusual wetting. For this purpose, it is necessary to control the morphologies of the porous layers formed by the oxidation-reduction process, and also the wetting behaviors of the liquid metals on the porous layer formed at the iron substrate surface. For example, the production of porous films is available by replicating the pores as stated above. In this process, the underlying substrate does not seem to be directly related to the final porous structure. The porous layer formed on the iron substrate should finally contribute to the configuration of pores, because the porous layer acts as a template for the final porous film after the removal of the iron substrate. In this paper, two kinds of iron specimen were prepared to reduce the two kinds of oxidized iron samples, respectively; one was an oxidized iron layer formed on an iron substrate by oxidation in air, and the other was an oxidized iron film obtained by removing the iron oxide layer from the surfaceoxidized iron substrate. Then, we investigated the effect of the underlying iron substrate on the morphologies of the final porous structure after reduction of those oxidized iron samples and on the wettability of liquid Ag with the reduced iron samples.
Experimental

Preparation of iron oxide layers formed on iron
substrates and iron oxide films without iron substrates In this experiment, a substrate of 25 Â 25 Â 1 mm was cut from a rolled iron plate (99.5%) of 1 mm thickness. The iron substrate was polished using alumina powder of 0.3 mm and cleaned by ultrasonic agitation in acetone and ethanol. Then, the surface of the iron substrate was oxidized at 1073 K for 1 h in air. The rate of heating and cooling was 400 K per hour. Some of the surface-oxidized irons were water-cooled after being heated at 1273 K for 1 min in air to cleave the oxidized iron layer from the iron substrate. Iron substrates were 25 Â 25 mm as stated above, while the oxidized iron films were small pieces whose sizes were a few to 10 mm. In the present work, these two differently oxidized iron samples are denoted as an ''oxidized iron layer'' formed on an iron substrate, and an ''oxidized iron film'' without an underlying substrate, respectively.
Reduction of oxidized iron layer and oxidized iron
film In the present experiment, the oxidized iron layer and the oxidized iron film were both reduced at five different temperatures (773, 873, 973, 1273, and 1473 K) for 1 h in H 2 . In addition, the oxidized iron films were also reduced at 1273 K for 5 min in H 2 . These samples were heated in a furnace to a given temperature at a rate of 400 K per hour under Ar, and held for 10 min until the furnace temperature stabilized. After these two oxidized iron samples had been reduced for 1 h or 5 min in H 2 , the atmosphere in the furnace was changed to Ar and the samples cooled to room temperature. The ''reduced iron layers'' and the ''reduced iron films'' were obtained from the oxidized iron layers and the oxidized iron films, respectively.
Wettability of liquid Ag
The wettability of liquid Ag on the reduced iron layers and the reduced iron films was investigated in an induction furnace, as shown in Fig. 1 . A sample having a reduced iron layer on the substrate was contacted by the Ag plate at the bottom of the sample (tilted at 45 degrees) in the induction furnace. The reduced iron films were placed into alumina crucibles with Ag shots, which were in contact with the bottom of each iron film. The alumina crucibles were set in the holes of a carbon disk of 40 mm and 10 mm thickness in the induction furnace. The reduced iron layers were then heated by induction heating in a reducing atmosphere, while the reduced iron films were heated by the heat from the carbon disk, up to approximately 1373 K in 1-2 min. At this temperature, the reduced iron samples were in contact with liquid Ag for about 2 min. After cooling, the cross-sections of the samples were observed by using scanning electron microscopy (SEM) and energy dispersive X-ray microanalysis (EDX) to research the wettabilities of Ag.
Results and Discussion
Oxidation of iron samples
The structure of scale layer just before reduction step is described in this section. The oxidized sample was heated up before the reduction, and held at each reduction temperature for 10 min.
To investigate the state of the oxidized iron sample just before the reduction, two kinds of the surface-oxidized iron substrates were heated to 773 and 873 K, respectably. Then, these substrates were held at each temperature for 10 min. After the iron substrates were taken from the furnace and cooled in air, the cross-sections of these oxidized iron layers were observed by using SEM and electron probe X-ray microanalysis (EPMA).
The SEM image of the sample heated to 773 K is shown in Fig. 2 . The oxidized iron layer (of thickness 110 mm) comprised a black layer (ca. 10 mm) formed near the surface of the oxidized iron layer, and a gray layer (ca. 100 mm) comprising many angular black particles formed underneath the black layer. Almost of the black layer and the black particles are magnetite, and the gray parts are wüstite, as stated below. The size of these black particles decreases gradually in the direction of the interface between the oxidized iron layer and the iron substrate from the interface between the black layer and the gray layer. Chen et al. 6) have reported the oxide layer similar to the micro structure in Fig. 2 . In addition to the SEM observation, the mass increase in the oxidation step was measured to determine whether interfacial peelings occur during the oxidation step. The result of the mass change was reasonable, as compared with the literature. 7) Therefore, the peelings did not occur at the interface between the scale layer and the underlying substrate.
It is known that the oxidized iron layer formed on the iron substrate at temperatures higher than 843 K in air is generally composed of hematite/magnetite/wüstite layers in that order from the surface. It has been reported that the volume ratio of each iron oxide in the layer formed at 1073 K is approximately 95%wüstite-4%magnetite-1%hematite. [8] [9] [10] [11] The oxidized iron layer obtained under the above condition seems to have a similar composite layer structure. The black layer near the surface was composed of hematite and magnetite, and the following gray layer composed of wüstite. It should be noted that wüstite is dissociated 11, 13) into magnetite and Fe below 843 K. 12) EPMA analysis shows that the black angular particles in the gray layer of Fig. 2 represent magnetite. These magnetite particles became aligned vertically in the oxidized iron layer.
On the other hand, wüstite is stable over 843 K. In the sample heated to 873 K that was one of the reduction temperatures, although some magnetite particles were still observed in the layer, these were smaller than the particles in the sample heated at 843 K. The major component of the oxidized layer was wüstite, especially in the lower half of the layer. Consequently, in the range of the reduction temperatures used in this work, it was assumed that the wüstite phase was partially dissociated just before reduction at 773 K. On the other hand, the gray oxidized iron layer was mostly composed of homogeneous wüstite at higher temperature, before the reduction.
Reduction of iron layers and iron films at various temperatures 3.2.1 Reduction at 773 K
As stated above, wüstite, which was mainly present in the oxidized iron layer, was dissociated at 773 K and the microstructure became inhomogeneous. The cross-sections of both the iron layer and the iron film reduced at 773 K for 1 h were observed by using SEM, as shown in Figs. 3(a) and (b) respectively. In both of these reduced iron samples, several vertical cracks of different sizes were observed. The iron oxide was reduced both at the grain boundaries and inside the grains, where reduction at the grain boundaries was faster. It is also known that columnar iron oxide grains are produced at the surface of an iron substrate.
14) The relatively small cracks formed both in the oxidized iron layer and in the oxidized iron film were produced by grain boundary reduction. These vertical small cracks and traces were found in the iron samples reduced not only at 773 K, but also at almost any other temperatures. Reduction at 773 K also resulted in the formation of large vertical cracks due to a decrease in volume caused by reduction of the magnetite particles, which are less dense than wüstite and aligned vertically to the oxidized iron layer prior to reduction. The surface of these cracks was reduced to iron, and these cracks deformed to absorb the decrease in volume following reduction, causing the cracks to grow. This is notably seen for the reduced iron film without an iron substrate, as shown in Fig. 3(b) . The cracks assimilated the voids generated by the reduction of oxidized iron to metallic iron, resulting in the formation of a few pores and a widening of the cracks. For the oxidized iron layer, the underlying substrate acts as a supporting base and disperses the tensile stress generated by the decrease in volume throughout the whole layer. Consequently, the reduced iron layer (Fig. 3(a) ) had smaller cracks and more pores than the reduced iron film.
Reduction at 873 K
The iron oxide phase mostly returned to wüstite at 873 K, before the reduction. Then, these iron oxide samples were reduced at 873 K. The cross-sections of the reduced iron layer and the reduced iron film were observed by using SEM, as shown in Figs. 4(a) and (b) respectively. Although some vertical cracks were observed in the porous iron layer after reduction, there are fewer large cracks produced in the iron samples reduced at 873 K than in those samples reduced at 773 K. Therefore, the pores of the porous iron in the reduced iron samples were formed more uniformly at 873 K than at 773 K after reduction of the oxidized iron film as well as the oxidized iron layer. 
Reduction at 1273 K
The cross-section of the iron film reduced at 1273 K for 5 min was observed by using SEM, as shown in Fig. 5 . Reduction usually proceeds faster at higher temperature. The oxidized iron film was reduced over a period of almost 5 min, with the reduction occurring from both the upper surface, which was previously the top surface, as well as from the lower surface, previously the interface between the iron oxide phase and the substrate. The crack observed in the right-hand part of the image in Fig. 5 may be caused by the process of quenching in water to obtain the oxidized iron film. Aside from the crack observed in this film, the porous iron structure was formed with a relatively uniform distribution of pores.
The cross-sections of the iron layer and the iron film reduced at 1273 K for 1 h were observed by using SEM, as shown in Figs. 6(a) and (b) , respectively. The distribution of pores in the reduced porous iron film was partially uniform. However, when the reduction time of the oxidized iron film was increased to 1 h, the sintering caused a decrease in the number of pores to form an inhomogeneous porous iron film, as shown in Fig. 6(b) . In contrast, the more homogeneous porous layer was fabricated when the oxidized iron layer formed on the substrate was reduced at 1273 K even for 1 h, as shown in Fig. 6(a) .
Reduction at 1473 K
The effect of the iron substrates on the morphologies of the reduced iron layer (stated in section 3.2.3) can be seen more clearly in the reductions of the oxidized iron layer at higher temperature. The cross-sections of the iron layer and the iron film reduced at 1473 K for 1 h were observed by using SEM, as shown in Figs. 7(a) and (b) , respectively. The sintering proceeded more strongly in the reduced iron film obtained at 1473 K (Fig. 7(b) ) than in the sample shown in Fig. 6(b) . In this case, the simple solid iron walls were formed without pores. On the other hand, most of the pores in the reduced iron layer (Fig. 7(a) ) were a little larger than those shown in Fig. 6(a) . The porosity of the as-formed iron layer was relatively homogeneous, although some of the pores had disappeared, as found for the reduced iron film. Porous structures typically have very large surface areas and surface energies. To decrease this energy, the metal atoms must diffuse to decrease the total surface area. After an infinite time, the pores in porous iron structures on both the reduced 20 µm iron layer and the reduced iron film would finally disappear and a dense iron layer would be produced. However, when the reduction time was limited to just 1 h, as used in the present work, it was proved that the iron substrate could delay the sintering of the pores in the reduced porous iron layer, resulting in a uniform distribution of the pores.
3.3 Unusual wetting of liquid Ag 3.3.1 Wetting behavior of liquid Ag on reduced iron layers Liquid Ag was observed at 1373 K to penetrate into the porous layer of the iron layer reduced at each of five different temperatures. On the substrates, the liquid metal was observed to vertically climb the substrate for distances of more than 15 mm, and even distances of 25 mm were observed. Figures 8(a), (b) and (c) show the cross-sections of the Ag wetting iron layers, which have been reduced at 773, 873, and 1473 K, respectively. The liquid metal was found to infiltrate into the porous iron layer from the bottom to the top of the reduced iron specimens. The Ag wetting directions from the bottom to the top in these samples corresponds to the left-hand side to the right-hand side in Figs. 8(a), (b) and (c) . The white areas in these figures correspond to the Ag penetration and represent the morphologies of the pores. Ag was observed in almost all of the pores in the porous layers. This result means that in these reduced iron layers, the pores and cracks are 3-dimensionally interconnected with each other.
The pores in Figs. 8(a) and (b) are obviously larger than those pores in Fig. 3(a) and Fig. 4(b) , which correspond to the reduced iron layers before contacting with liquid Ag. This is because the samples were heated up to approximately 1373 K, which was 500 to 600 K higher than their reduction temperature, and were held, even for a couple of minutes, to melt and contact Ag with the reduced irons. In the present experiments, the sizes of the pores and the cracks both in the reduced iron layers and in the films increase with increasing reduction temperature. In comparing the iron layer reduced at 773 K (Fig. 3(a) ) with the iron layer reduced at 873 K (Fig. 4(a) ), it was seen that the pores in the former were smaller than those in the latter, and many more cracks were observed in the former. Therefore, when the samples were heated to the appropriate temperature for contacting with liquid Ag, these pores merged together, and some disappeared.
There were no significant differences in the morphology of the pores (Fig. 8(c) ) before or after contacting with liquid Ag, as compared with the morphology of the pores in the iron samples reduced at 773 and 873 K. Further sintering or merging of the pores was not observed, because this sample was already prepared at 1473 K. 3.3.2 Wetting behavior of liquid Ag on reduced iron films As stated above, liquid Ag was observed to penetrate into the ''iron layers'' on iron substrates reduced at various temperatures.
However, Ag was not found in some of the reduced ''iron films'' without an underlying substrate. The liquid metal did not show good wetting in the porous structures of the iron films reduced at 773 and 1473 K for 1 h, as mentioned below. On the other hand, Ag was observed even in the iron films reduced at 873 and 973 K for 1 h and in the iron film reduced at 1273 K for 5 min. Both liquid Ag penetration and nonpenetration were observed in the iron samples reduced at 1273 K for 1 h.
The cross-section of the iron film was widely wetted by liquid Ag after the film was reduced at 873 K, as shown in Fig. 9 . The white areas in Fig. 9 correspond to Ag. Although the pores in the reduced iron film coarsened like those in the reduced layer shown in Fig. 8(b) , the liquid Ag was observed to penetrate into almost all of the pores. Therefore, the pores formed in the porous iron fabricated by reduction of the oxidized iron film at 873 K for 1 h, were 3-dimensionally linked to each other.
The cross-sections of the iron films, which were prepared by reducing at 773 and 1473 K, wetted by Ag are shown in Figs. 10(a) and (b) , respectively. These images of the areas were taken from directly beneath the Ag droplets. The white areas represent the Ag present in the samples. The pores in the reduced iron film obtained at 773 K were very small, as shown in Fig. 3(b) . When the metallic film was heated prior to contact with Ag, a large number of these pores disappeared due to sintering, while some of the remaining pores merged and increased in size. As shown in Fig. 10(a) , liquid Ag was observed to infiltrate into the pores near the surface of the reduced iron film, but did not penetrate into the layer from the substrate-side of the film. Ag was not always found in all of the pores, although it could be seen in the cracks. This is evidence that these pores are not interconnected.
The microstructure of the iron film reduced at 1473 K ( Fig. 7(b) ) is similar to that of the metallic film wetted by Ag (Fig. 10(b) ). In this iron film, the disappearance of the pores or the growth of the pore size was not observed after heating to contact with liquid Ag. However, even in the area of the porous iron film directly beneath the Ag droplet, the liquid metal did not penetrate into almost all of the pores, nor did it spread to areas beyond the contact point on the iron substrate surface. This result shows that the pores in the porous iron film are not inter-connected after reduction of the substrate surface at 1473 K for 1 h.
Fabrication of porous iron for unusual wetting
The effect of reduction conditions on Ag penetration into reduced iron samples is summarized in Table 1 . As stated in section 3.3, while the reduced iron layer formed on an iron substrate had 3-dimensionally-continuous pore structures, the reduced iron film without an underlying substrate did not have the supporting base and therefore, the disappearance or isolation of pores progressed depending on the experimental conditions.
At 773 K, the major component of the iron oxide phase, wüstite, was partially disintegrated, forming a mixture of phases comprising wüstite, magnetite and Fe. The morphology of the iron film without an underlying substrate reduced at 773 K revealed a more inhomogeneous distribution of pores than the reduced iron layer formed on a substrate. This is because the underlying substrate acts as a supporting base. Thus, the iron layer reduced at 773 K was wetted by liquid Ag, while Ag penetration could not occur on the iron film produced at 773 K.
The reduction of the oxidized iron phase occurs at the grain boundaries and more slowly within the grains. When the columnar oxidized iron grains formed on the iron substrate were reduced, cracks were generated along the interfaces of the grains. In general, oxides are hard and therefore once a small crack occurs, it grows quickly. However, it has been reported that wüstite shows high plastic deformation at high temperature. [15] [16] [17] It is thought that a small crack, which is generated in earlier stage in the reduction step, is closed due to faster diffusion of iron atom at higher temperature such as 1473 K, and then a vertical simple iron wall was formed. The self-diffusion coefficient of Fe at 1473 K is about 30 times larger than that at 1273 K, and is five orders of magnitude larger than that at 873 K. 18, 19) The diffusion, therefore, occurs comparatively promptly at 1473 K. When the oxidized iron sample without an underlying substrate is reduced at 1473 K, 20 µm Fe diffusion occurs, and the sample shrinks in the direction parallel to the oxidized iron layer resulting in the formation of a simple vertical iron wall. Moreover, when these vertical solid iron walls formed along the grain boundaries, they essentially acted as walls preventing the pores from becoming inter-connected. The reduced iron film was formed at 1473 K in the manner described above and liquid Ag did not spread widely into the porous iron layer. However, if the iron layer is formed on an iron substrate, then the substrate works as a supporting base to prevent reduction-induced shrinkage and the formation of vertical iron walls. Therefore, the structure of the pores in the oxidized iron layer showed no closed spaces and liquid Ag was found to penetrate widely into the reduced iron layer at 1473 K.
For the reduction at 873-1273 K, the oxidized iron phase formed at temperatures higher than 847 K consists mostly of wüstite, and the iron diffusion rates at 873, 973, and 1273 K are much smaller than the diffusion rate at 1473 K. Thus, the aggregation and contraction of the pores were delayed at 873, 973, and 1273 K, compared to the case at 1473 K and the porous iron layers, of which the distribution and diameters of the pores were comparatively uniform, were formed after reduction of the iron oxide samples both with and without underlying substrates. Therefore, liquid Ag was found to penetrate into the pores of these samples, which were reduced at 873-1273 K, revealing widespread wetting.
Conclusions
In the present study, we investigated the effects of iron substrates on the morphologies of reduced iron samples and on the wetting behaviors of liquid Ag on the iron samples.
Although relatively large cracks were formed at 773 K due to the vertically aligned magnetite particles and the decreased volume afforded by reduction, the distribution of pores in the reduced iron layer having an underlying substrate was more uniform than that in the reduced iron film without an underlying substrate. After the iron layer and the iron film were heated to high temperature, the former layer retained the 3-dimensionally porous structure, while the later generally contained isolated pores.
The comparatively uniform distribution of small pores was observed both in the reduced iron layer and in the reduced iron film at 873 K. At 1273 K, the iron layer reduced for 1 h and the iron film reduced for 5 min had few vertical cracks and exhibited uniform porous morphologies.
At 1473 K, the pores formed in the substrate-supported reduced iron layer were 3-dimensionally inter-connected, while in the unsupported reduced iron film, closed spaces were produced in reduction step.
Under the conditions of temperature and holding time employed in this work for the oxidization and reduction of iron samples, the reduction of the substrate-supported oxidized iron layer affords a porous iron layer with 3-dimensionlly interconnecting pores that has beneficial effects on unusual wetting.
